Abstract. The knowledge of the nuclear matrix elements for the neutrinoless double beta decay is fundamental for neutrino physics. In this paper, an innovative technique to extract information on the nuclear matrix elements by measuring the cross section of a double charge exchange nuclear reaction is proposed. The basic point is that the initial and final state wave functions in the two processes are the same and the transition operators are similar. The double charge exchange cross sections can be factorized in a nuclear structure term containing the matrix elements and a nuclear reaction factor. 
Introduction
Neutrinoless double beta decay (0νββ) is potentially the best resource to probe the Majorana or Dirac nature of neutrino and to extract its effective mass. Moreover, if observed, 0νββ will signal that the total lepton number is not conserved. Presently, this physics case is one of the most important researches "beyond the Standard Model" and might guide the way toward a Grand Unified Theory of fundamental interactions.
Since the ββ decay process involves transitions in atomic nuclei, nuclear structure issues must be accounted for to describe it. The 0νββ half-life T 1/2 can be factorized as a phase-space factor G 0ν , the nuclear matrix element (NME) M 0 and a term f(m i ,U ei ) containing the masses m i and the mixing coefficients U ei of the neutrino species:
where the NME is the transition amplitude from the initial i  to the final f  nuclear state of the ββ process through the 0ββ decay operator:
Thus, if the NMEs are established with sufficient precision, the neutrino masses and the mixing coefficients can be extracted from 0νββ decay rate measurements.
The evaluation of the NMEs is presently limited to state of the art model calculations based on different methods (QRPA, shell-model, IBM, EDF, etc.) [1] , [2] , [3] , [4] . High precision experimental information from single charge exchange (CE), transfer reactions and electron capture are used to constraint the calculations [5] , [6] , [7] , [8] , [9] . However, the ambiguities in the models are still too large and the constraints too loose to reach accurate values of the NMEs. Discrepancy factors higher than two are presently reported in literature [10] . In addition some assumptions, common to the different competing calculations, could cause overall systematic uncertainties [11] .
The experimental study of other nuclear transitions where the nuclear charge is changed by two units leaving the mass number unvaried, in analogy to the ββ-decay, could give important information. Past attempts to use pion double charge exchange reactions [12] , [13] , [14] , [15] to probe ββ-decay NMEs were abandoned due to the large differences in the momentum transfers and in the nature of the operators [11] . Early studies of heavy-ion induced double charge exchange reactions (DCE) were also not conclusive. The reason was the lack of zero-degree data and the poor yields in the measured energy spectra and angular distributions, due to the very low cross sections involved, ranging from about 5-40 nb/sr [16] , [17] to 10 µb/sr [18] . Actually, this wide range of observed cross sections has never been deeply discussed. An additional complication in the interpretation of the data was due to possible contributions of multi-nucleon transfer reactions leading to the same final states [19] , [20] , [21] .
Here we show that the use of modern high resolution and large acceptance spectrometers allows to face the experimental challenges and to extract quantitative information from DCE reactions. The measurement of DCE high-resolution energy spectra and accurate cross sections at very forward angles is crucial to identify the transitions of interest [22] . The concurrent measurement of the other relevant reaction channels allows isolating the direct DCE mechanism from the competing transfer processes. These are at least of 4 th -order and can be effectively minimized by the choice of the proper projectile-target system and incident energy [23] .
DCE reactions and 0νββ decays
The availability for the first time of valuable data on DCE reactions raises the question whether they can be used toward the experimental access to 0νββ NMEs. Although the DCE and 0νββ decay processes are mediated by different interactions, there are a number of important similarities among them:
1. Parent/daughter states of the 0ββ decay are the same as those of the target/residual nuclei in the DCE;
2. Short-range Fermi, Gamow-Teller and rank-2 tensor components are present in both the transition operators, with relative weight depending on incident energy in DCE; 3.
A large linear momentum (~100 MeV/c) is available in the virtual intermediate channel in both processes [10] . This is a crucial similarity since other processes cannot probe this feature [24] while muon capture can only from one side of 0 transition [25] , [26] .
4. The two processes are non-local and are characterized by two vertices localized in a pair of valence nucleons;
5.
Both processes take place in the same nuclear medium. In medium effects are expected to be present in both cases, so DCE data could give a valuable constraint on the theoretical determination of quenching phenomena on 0. One should mention for example that in single β-decay, 2νββ-decay [4] and charge exchange reactions [27] , the limited model space used in the calculations and the contribution of non-nucleonic degrees of freedom and other correlations require a renormalization of the coupling constants in the spinisospin channel. However an accurate description of quenching has not yet been fully established and other aspects of the problem can give important contributions [28] ;
6. An off-shell propagation through virtual intermediate channels is present in the two cases. The virtual states do not represent the asymptotic channels of the reaction and their energies can be different from those (measurable) at stationary conditions [29] . In practice, a supplementary contribution of several MeV to the line width is present in the intermediate virtual states. This is related to the transit time of a particle (neutrino in one case and pair of nucleons in the other) along the distance of the two vertices of the 0νββ and DCE processes. The situation is very different in CE reactions, where the intermediate states of 0νββ are populated as stationary ones and in 2νββ, where the neutrinos and electrons are projected out from the nucleus. No effective broadening of the line width is thus probed in CE and 2νββ. The description of NMEs for DCE and 0νββ presents the same degree of complexity, with the advantage for DCE to be "accessible" in laboratory. However, a simple relation between DCE cross sections and ββ-decay half-lives is not trivial and needs to be explored. In particular the DCE reaction is, to its leading order, a two-step process involving projectile and target internal structure as well as the full nucleus-nucleus interaction. A coherent approach to this problem is in principle the multistep direct nuclear reaction theory, extensively developed in different quantum-mechanical frameworks [30] , [31] , [32] , [33] and implemented in specific codes [34] , [35] . However, none of these is, to our knowledge, developed for DCE reactions. For this reason in the following we will concentrate on a simpler two-step approach which contains all the relevant features and provides at least an approximate estimate of the nuclear matrix elements.
Factorization of DCE cross section
It is well known that single β-decay strengths are proportional to CE reaction cross sections for linear momentum transfer q ~ 0 and under specific conditions [27] , [36] , [37] , [38] , [39] :
where B T (α) and B P (α) are the target and projectile -decay reduced transition strengths (related to the matrix elements M(α) 1 ) for the  = Fermi (F) or Gamow-Teller (GT) operators 2 . The factor 1 In this paper ( ) = | ( )| , where J i is the angular momentum of the initial state. 2 Usually for (p,n) and (n,p) reactions the B P (α) strength does not explicitly appear in the formula and is included in σ α E p ,A . In this paper, following this convention, B P (α) in eq. (3) is divided by the B P (α) related to the (p,n), which is 3.049 [40] .
F  (q,E x ) describes the shape of the cross section distribution as a function of the linear momentum transfer q and the excitation energy E x . For L = 0 transitions, it depends on the square of the j 0 (qr) spherical Bessel function [37] , [27] . The quantity   , named "unit cross section", is of primary interest since it almost behaves as a universal property of the nuclear response to F and GT probes. The dependence on the projectile energy E p and on the target mass number A is in fact quite smooth and computable all along the nuclear chart. In a rigorous Distorted Wave approach as that proposed by Taddeucci et al. [37] , the unit cross section for a CE process is factorized as:
where K(E p ,E x ) is a kinematic factor, J α is the volume integral of the effective isovector nucleonnucleon interaction and N α expresses the distortion of the incoming and outcoming waves in the scattering [39] . Eqs. (3)- (4) are routinely used for accurate (within few percent) determination of the strengths B in light-ion induced reactions such as (n,p), (p,n), ( 3 He,t), (t, 3 He), (d, 2 He) at bombarding energies above 100 AMeV [40] , [24] , [41] , [42] . For heavy-ion induced reactions, the data analyses are typically more involved, due to the projectile degrees of freedom and the sizeable amount of momentum transfer. In addition, the contribution of sequential nucleon exchange to CE cross section should also be considered [43] , [44] , [45] , [46] . A relevant simplification comes from the strong absorption of the scattering waves in the inner part of the colliding systems and the resulting surface localization of such reactions. As a consequence in these cases, the use of fully consistent microscopic approaches with double folded potentials for the reaction form factors still allows the determination of B(α) within 10-20% [45] .
Under the hypothesis of a surface localized process, a generalized version of eq. (3) is assumed also for DCE within a similar distorted wave approach:
where the superscripts indicate that the factors refer to the DCE process. The B T,P DCE (α) are connected to the nuclear matrix elements of the ββ-decay. In analogy to the CE, the q dependence of the cross section is given by a Bessel function. A DCE unit cross section can be defined as follows:
where (E p ,0) and N α DCE are analogous to eq. (4) and J α DCE is the volume integral of the double charge exchange interaction. A closer inspection of eqs. (4) and (6) reveals that the specificity of the single or double charge exchange unit cross sections is expressed through the volume integrals of the potentials, while the other factors are general features of the scattering. A model for the twovertex interaction is needed to extract physical information from measured DCE cross sections. At the present time, a complete and coherent theory of such an interaction does not exist to the best of our knowledge. In a simple model, one can assume that the DCE process is just a second order charge exchange, where projectile and target exchange two uncorrelated isovector virtual mesons. The transition from initial |i⟩ to final |f⟩ reaction channels proceeds via the intermediate channels |n⟩. Here the term channel is used to refer to a particular internal state of a partition in a particular state of relative motion [47] . This gives rise to a VGV-like term in the volume integral J α DCE 2 which describes the action of the interaction V in two vertices. As pointed out in ref. [19] , for DCE it has a non-vanishing contribution in a region around the overlapping surfaces of the colliding nuclei. The propagator is
where E i,n,f indicate the energies of the initial, intermediate and final channels, respectively. The explicit coordinate representation of G, which accounts for the relative motion in |n⟩ is given in ref. [47] . In eq. (7), E n is a complex number whose imaginary component represents the off-shell propagation through the virtual intermediate states. This approach is analogous to the doublephonon model in giant resonance studies [48] . a Faraday cup, downstream the target. The ejectiles produced in the collisions were momentumanalysed by the MAGNEX large acceptance spectrometer [49] and detected by its focal plane detector [50] , [51] . An angular range of -1.2 <  lab < +8 in the laboratory frame was explored, corresponding to scattering angles in the center of mass 0° < θ CM < 12°. The ejectiles identification was achieved as described in refs. [52] , [53] . The positions and angles of the selected ions measured at the focal plane were used as input for a 10 th order ray-reconstruction of the scattering angle  CM and excitation energy E x = Q 0 -Q (where Q 0 is the ground-to-ground state reaction Q-value) [54] , [55] , [56] . Figure 1 shows examples of the measured energy spectra. An energy resolution of 500 keV (full width at half maximum) is obtained similarly to ref. [57] . The absolute cross section was extracted from measured yields according to ref. [54] . A systematic error of ±10% was estimated from the uncertainty in the target thickness and beam collection.
The experiment

Experimental results
In the 40 Ca( 18 O, 20 Ne) 38 Ar 2p-transfer energy spectrum of Figure 1a , the cross section tends to increase with excitation energy as a consequence of the kinematical Q-matching conditions (Q opt = 32 MeV). Known low-lying states are identified indicating the suppression of low multipolarity In the DCE energy spectrum of Figure 1c , the 40 Figure 2 . A clear oscillating pattern is observed.
The position of the minima is well described by a |j 0 (qR)| 2 Bessel function, where R = 1.4
(A 1 1/3 +A 2 1/3 ) and A 1,2 is the mass number of projectile and target. Such an oscillating pattern is not expected in complex multistep transfer reactions, due to the large number of angular momenta involved in the intermediate channels, which would determine a structure-less cross section slowly decreasing at larger angles. The experimental slope is shallower than the Bessel function as expected since a plane-wave description is not appropriate [47] . Despite that, a very simple model of L = 0 direct process reasonably well describes the main features of the experimental angular distribution. 
Cross section analysis
DCE cross section factorization, described by eqs. (5-7) , distinguishes between transitions originated by spin-isospin (GT-like) and isospin (F-like) operators trough the volume integral of nucleon-nucleon isovector interaction. Different multipolarities are allowed, each one characterized by an energy distribution which enters in the expression of the propagator. The sum over the many involved multipoles is important in DCE reactions, due to the large amount of momentum available, similarly to the 0νββ case (see for example Ref. [61] ). In the case that enough excitation energy is available to populate all the channels of the intermediate partition relevant for the DCE process, a closure approximation can be considered, similarly to what is often done for 0νββ analyses. In this case the the propagator of eq. (7) simplifies, since   n n n 1 and the energy denominator is replaced by an average energy parameter. Assuming this approximation we found that the F-like and GT-like NMEs change of less than 20% for average energy ranging between 0 and 50 MeV. This indicates that the NMEs extracted using eqs. (5-7) are not much affected by changes of the energy distribution in the intermediate partition. The reason is that the kinetic energy in the propagator is much larger than the excitation energy. The overall effect of the higher multipolarities in the propagator is expected of the same order, since they globally determine a change of the average of the energy distribution within the explored range. This does not mean that higher multipole accounts for a small part of the strength, but that the overall effect in the NME of the redistribution of the strength to higher energies and multipoles is not necessarily large. In order to check the validity of the factorization in eqs. (5-7) with existing data on β-decay strength distributions we deduce in section 6.1 and 6.2 the unit cross section and the matrix element for the DCE process assuming either a pure double GT or F transition, respectively.
Gamow-Teller
As discussed in Section 3, the J GT DCE volume integral for the 18 integral. We get J GT = 231 MeV·fm 3 using the isovector parts of the D3Y G-matrix [62] , which includes spin-dependent and spin-independent direct and exchange central interactions. This is known to be an adequate choice at the energy of the present experiment, as described in [45] . The G propagator of eq. (7) is calculated summing over the on-shell energy distribution of 40 Figure 3 . The off-shell contribution to G, accounting for ~7 MeV (full width at half maximum), is estimated from the crossing time (t  27 fm/c) of the two pairs of nucleons participating in the DCE at 15 AMeV, assuming a correlation length of 4.8 fm from ref. [64] . A distortion factor N α D~ 0.042 is calculated as the ratio of Distorted Wave over Plane Wave CE cross sections using the double folded optical potential of ref. [45] . Taking into account the kinematic factor K ~ 0.0089 [37] , a σ GT DCE~ 76 b/sr is estimated for the 40 Ca( 18 O, 18 Ne) 40 Ar DCE reaction at q = 0 from eq. (6). The correction factor of eq. (5) for q = 0.18 fm -1 , corresponding to
(θ CM = 0°) = 11 μb/sr, one obtains an estimation of the maximum strength from eq. (5)
This is compared to the value obtained combining the strengths, taken from literature, for the transitions in the projectile and target sketched in Figure 3 and listed in Table 1 B(2GT) = B P (2GT) • B T (2GT) = 0.11 (9) Here the B transition strengths reduced for spin and isospin according to ref. [40] (10) where only the population of the 18 F g.s. is taken into account, as found in ref. [65] and the B(GT) for the second step is from [66] . These factors are listed in symmetry. These data were also compared to previous results taken from literature: the 40 Ca(p,n) 40 Sc reaction at 159 MeV from [36] and at 134 MeV from [68] . In ref. Table 1 . The small value of B DCE (2GT) and B(2GT) for the 40 Ca is a consequence of the Pauli blocking in this doubly magic system. The GT transitions take place only through the small 1f 7/2 , 1f 5/2 particle and 1d 3/2 hole components of the 40 Ca g.s. wave function, which account for about 14% of the total [70] , [71] . 
Fermi
A similar procedure was applied assuming a pure double Fermi operator for the DCE to the 40 
This value is close to the product of the known B(F) for the transitions in the projectile and target through the 1.04 MeV and 4.38 MeV 0 + states of 18 F and 40 K, respectively (see Fig. 3 ):
Here B P (2F) = 4 is taken from the Fermi sum rule. B T (2F) = 0.053 • 2 is extracted by [67] and [63]. (10)). The NME can be then derived
obtaining ) (GT M DCE T = 0.42 ± 0.21. In the lack of theoretical predictions for the 40 Ca NME, it is worth to compare this value with the well studied 48 Ca NME, which ranges from 0.67 [1] to 1.53 [4] depending on different models. The smaller value obtained for 40 Ca is compatible with the effect of Pauli blocking present only in this system, which determines reduction of a factor about 7 for F and GT.
Analogously, in the case of pure Fermi process, we extract ) (F M DCE T = 0.28 ± 0.14 from eqs. (12) (13) (14) . The systematic error in the determination of
is about ±50%, estimated by checking the sensitivity of the results to the used parameters. It mainly comes from the uncertainty on volume integrals of the effective two-body interaction. The contribution of the experimental error (±10% systematic, ±25% statistical) is less relevant in this case. Both F and GT contribute to the total cross section at θ CM = 0°. Their size can be predicted by
The comparison is much more accurate than the single estimation due to the common assumptions done. The L = 0 Bessel function shown in Figure 2 is scaled to give a cross section of 21 μb/sr at θ CM = 0°, which is the incoherent sum of the predicted GT and F cross sections. The comparison with the experimental data show a remarkable quantitative agreement. However, the effects of the interference should be studied in detail. The fact that both pure GT-and F-like extreme models give comparable contributions to the final cross section is a direct consequence of the similar volume integrals for both operators. The relation between these volume integrals resembles that for nucleon-nucleon interaction at 15 MeV. This indicates that the reaction mechanism is largely determined by the effective nucleon-nucleon interaction. Experiments at different incident energies are envisaged in order to explore conditions characterized by different weights of GT-like and Flike contributions and disentangle the role of each operator. In particular, higher energies are more suitable to study the GT-like NMEs, which are expected to be dominant in most of the 0ββ decays.
0ββ nuclear matrix elements
In the previous sections we showed that in the extreme hypothesis of pure Gamow-Teller-like or Fermi-like transition the extracted matrix elements are ) (GT M DCE T = 0.42 ± 0.21 or ) (F M DCE T = 0.28 ± 0.14, respectively. We notice that they are very similar, so even the weighted average, representing a more realistic combination of both contribution, will be. Assuming the known GT and F strengths from literature (see discussion section 6.3) we can get an estimate of the weights through the expression of the DCE cross section expected at zero-degree: where g a,v are the axial and vector coupling constants of the weak interaction, respectively [4] . This small number reflects the Pauli blocking, as discussed in Section 6.1. To speculate, a comparison between the present result for 40 Ca and the NME of 0νββ decay of 48 Ca can be done assuming pure F and GT and artificially removing the effect of the Pauli blocking, since the same single particle shells are involved but no Pauli blocking is active in the 48 Ca case. This is possible by just multiplying M(0νββ; 40 Ca) • 7 = 2.6 ± 1.3. It is noteworthy that this number is compatible with literature for the calculations of the 48 Ca 0νββ NME [3] , [10] .
Conclusions
In conclusion, this work shows for the first time high resolution and statistically significant experimental data on heavy-ion double charge exchange reactions in a wide range of transferred momenta. The measured cross-section angular distribution shows a clear oscillating pattern, remarkably described by an L = 0 Bessel function, indicating that a simple mechanism is dominant in the DCE reaction. This is confirmed by the observed suppression of the multi-nucleon transfer routes.
Strengths factors and matrix elements are extracted under the hypothesis of a two-step charge exchange process. Despite the approximations used in our model, which determine an uncertainty of ±50%, the present results are compatible with the values known from literature, signaling that the main physics content has been kept. The DCE unit cross section is likely to be a predictable quantity, in analogy to the CE processes. We believe that this finding is mainly due to the particularly simple transitions which take place in the 18 A deeper investigation of DCE reactions is worthwhile in the future, studying other systems and different bombarding energies, in order to explore the systematic behavior. In all cases the contextual measurements of the multi-nucleon transfer and single charge exchange channels is mandatory. A rigorous treatment of the process in a multistep direct reaction quantum-mechanichal framework will be the next step toward a more accurate determination of 0ββ NMEs.
